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INTRODUCTION
Eukaryotic nuclear DNA replication is largely conducted by the four B-family DNA polymerases (Pols), Pols ␣, ␦, ε and . Pol ␣ initiates replication by synthesizing short RNA-DNA primers that are then used by Pols ␦ and ε to synthesize the majority of the lagging and leading DNA strands, respectively (1) (2) (3) (4) . The fourth B-family member, Pol , is more specialized and contributes to DNA synthesis when more difficult-to-replicate sequences are encountered (5, 6) . Pols ␣ and lack intrinsic exonuclease activity, while Pols ␦ and ε have 3 -exonucleases that can proofread mismatches. Pols ␣ and lack intrinsic exonuclease activity, such that the accuracy with which they synthesize DNA depends primarily on their nucleotide selectivity. Pols ␦ and ε have high nucleotide selectivity and they also have 3 -exonucleases that can proofread mismatches to further improve accuracy. Thus, Pols ε and ␦ synthesize DNA with very high fidelity, with average base substitution error rates of <2.0 × 10 −5 for Pol ε and less than 1.3 × 10 −5 for Pol ␦, and average single nucleotide deletions error rates of less than 5.0 × 10 −7 for Pol ε and <1.3 × 10 −5 for Pol ␦ (7, 8) . Thus, the high fidelity of nuclear DNA replication in unstressed eukaryotic cells is thought to reflect the ability of these four DNA polymerases to select and incorporate correct nucleotides, proofreading by Pols ␦ and ε during replication, and DNA mismatch repair (MMR) that corrects mismatches that escape proofreading (9) (10) (11) .
This general understanding of how replication fidelity is achieved has been supported by many studies (see below), including those that attempt to more precisely understand where and when each of the four B-family DNA polymerases functions during replication of large and complex eukaryotic genomes (1) . Studies published in the last few years suggest two different models for replication of the unstressed nuclear genome, one in which Pol ␦ is the major replicase for both DNA strands (12) and the other proposing that Pol ε has a major role in leading strand replication (2, (13) (14) (15) (16) (17) (18) (19) (20) (21) . The latter model is supported by a study published earlier this year of the yeast pol2-16 mutant (22) , which lacks the catalytic domains for polymerization and proofreading by Pol ε. This strain survives by replicating the nuclear genome using Pol ␦ as the primary replicase for both the leading and lagging DNA strands. However, cell growth in the pol2-16 mutant is aberrant, as indicated by elongated S-phase an increased doubling time, larger than normal cells that contain aberrant nuclei, and rapid acquisition of suppressors. In the present study, we add another endpoint, a mutator phenotype indicating that replication fidelity is strongly reduced when the catalytic domains of Nucleic Acids Research, 2019, Vol. 47, No. 8 3987 Pol ε are missing. The new data suggest that this mutator effect is partly due to reduced proofreading by Pol ␦ and partly due to errors generated by Pol .
MATERIALS AND METHODS

Yeast strains construction
Saccharomyces cerevisiae strains used in this study are listed in Supplemental Materials. All yeast strains were isogenic derivatives of AC402 and AC403, representing the W303 background. Wild type diploids of W303 background and the pol2-16 mutants were generated as described earlier (22) . Strains bearing the pol3L612M polymerase variant were constructed via an integration-excision method using plasmid p170-pol3L612M (23) . Strains with deletion of REV3 (rev3Δ) and MSH6 (msh6Δ) were constructed using one-step gene disruption as follows. PCR product containing the rev3Δ::KanMX4 cassette was amplified from genomic DNA of YPL167C using as primers 5 REV3 F and 3 REV3 R. The presence of the rev3Δ::KanMX4 in transformants that were G-418 r was confirmed by PCR using primers up REV3 f and pTEF. PCR product containing msh6Δ::Kl-LEU2 -cassette was amplified from pUG73 using primers MSH6-LEU2-5 and MSH6-LEU2-3 . The presence of msh6Δ::Kl-LEU2 in transformants that were LEU2 + was confirmed by PCR using primers up msh6 5 f and Kl-LEU2 5 r. Primer sequences are provided in the Supplementary Data 1.
Mutation rate measurements
To determine spontaneous mutation rates, at least 24 independent cultures of each yeast strain (two independent isolates) were inoculated with a single yeast colony or a spore colony in 5 ml of liquid YPDA supplemented with adenine to a final concentration of 100 mg/l. Cultures were grown at 23
• C to the stationary phase (for 5 days in case of the pol2-16 mutant or 3 days for POL2) and plated on selective and nonselective media. Plates were incubated at 23
• C for 8 days and colonies were scored. The mean mutation rates as well as 95% confidence intervals were calculated as described in (24) . To determine P-values for significance of differences of the mutation rates between strains the Mann-Whitney U non-parametric test and GraphPad Prism 7 software was used.
CAN1 mutation spectra analysis
The Can r colonies for mutational spectrum analysis at the CAN1 locus were collected as described previously (25) . Primers Can1-AF and Can1-BR were used for CAN1 locus amplification and primers Can1 BR, Can1 AR, Can1 9R and Can1 10R were used for sequencing. Sequences of all oligonucleotides are listed in the Supplementary Data 1. Mutations in CAN1 were called using SeqMan DNASTAR Navigator sequence assembly software. Graphical representation of analyzed mutation spectra are presented in Supplementary Data 2. Statistical significance of differences between two spectra were determined using a Monte Carlo method as described in (24, 26) . Likewise for determining the significance of differences between ratios of reciprocal mutation rate between two data sets, i.e. a ratio of ratios. Significance cutoffs were selected withŠidák correction for multiple hypothesis testing based on a familywise error rate of 5% (27) . dNTP pools measurement dNTP pools were measured in three independent spore colonies of each genotype, from a freshly dissected heterozygous diploid pol2-16/POL2. Cells were inoculated in YPD medium supplemented with 100 mg/l adenine and grown at 23
• C to OD 600 between 0.35 and 0.4. Cells equivalent to 30 OD units were harvested by filtration, immediately suspended in an ice-cold trichloroacetic acid-MgCl 2 mixture, flash frozen in liquid nitrogen. Samples were further proceeded as described previously (28) .
Flow cytometry
Cells from an asynchronously growing culture were processed and analyzed for cell cycle progression by Becton Dickinson FC500 flow cytometer as described previously (29) .
Immunoblotting for Sml1 expression
5 OD units of yeast cells collected at log phase (OD 600 between 0.3 and 0.7) were resuspended in TCA buffer (20 mM Tris, pH 8, 50 mM ammonium acetate, 2 mM EDTA) supplemented with protease inhibitors (cOmplete EDTA-free protease inhibitors, Roche) and vortexed with glass beads at 4
• C. Sml1 was detected using anti-Sml1 antibody (AS10 847, Agrisera) at 1:1000 dilution. Pstair was used as loading control, and detected with an antibody against pstair (Sigma, P7962) at 1:5000 dilution. Western Blots were developed using chemiluminescent substrates for HRP (WesternBright Sirius, advansta), and images were taken using G:BOX (SYNGENE).
RESULTS
Aberrant cell cycle progression, S-phase checkpoint activation and increased dNTP pools in pol2-16
Because the pol2-16 mutant quickly accumulates suppressors (22) , here and throughout this study we use freshly isolated haploid pol2-16 colonies obtained from spores germinated from meiotic progeny of heterozygous diploid pol2-16/POL2 strains. Compared to wild type colonies, three independent pol2-16 mutant colonies exhibited aberrant progression through the cell cycle when analyzed by flow cytometry ( Figure 1A ). These results are consistent with our earlier study (22) demonstrating that, as compared to wild type, pol2-16 mutant cells are larger, grow more slowly and have aberrant nuclei (22) . Moreover, pol2-16 cells also have dNTP concentrations that are elevated from 3-fold (for dGTP) to 5.5-fold (for dCTP) ( Figure 1B) . Consistent with such stress-related phenotypes, the pol2-16 mutant also has an activated S-phase checkpoint. The level of Sml1, an indicator of S-phase checkpoint activation, is significantly decreased to the level observed in wild type yeast treated with 4-NQO ( Figure 1C ). 
An increased mutation rate in pol2-16 mutant
Next we measured the spontaneous mutation rates in the pol2-16 and wild type strains using the CAN1 reporter gene. Compared to a mutation rate of 4.1 × 10 −7 in wild type cells, the pol2-16 mutant has mutation rate of 110 × 10 −7 (Table 1 ). This 27-fold increase is substantial (P < 0.0001, Supplementary Data 1), being six times larger than that observed in a pol2-4 strain that lacks Pol ε proofreading and about three times larger than the rate in an msh6Δ strain that is partially defective in MMR of replication errors (Table 1) . To understand the source of the mutations that spontaneously occur in the pol2-16 mutant, we sequenced Can r colonies (Table 2 and Supplementary Table  S1 ), calculated mutation rates for various substitutions and insertions/deletions (indels) ( Table 2 and Supplementary  Table S1 ), and then compared the rates in wild type yeast ( Figure 2A ) to those in the pol2-16 mutant ( Figure 2C ). The mutation rates are increased in the pol2-16 mutant by factors ranging from about 10-to 130-fold ( Figure 2E , Table 2 and Supplementary Table S1 ). 
Partial suppression of pol2-16 mutator effect by deletion of REV3
The results in Figure 2C suggest that the loss of Pol ε catalytic activities in the pol2-16 mutant may promote two different sets of replication errors. One set includes A Figure 2 ). This is interesting because, although there are many types of base-base substitution and indel mismatches that theoretically can be made during DNA replication, it is these specific mutations that are preferentially made by Pol ␦, through T•dGMP, G•dTMP, C•dTMP and single-base deletion mistakes (30) . Moreover, Pol ␦ is the polymerase implicated by HydEn-seq analysis of ribonucleotide incorporation to perform the bulk of replication of both DNA strands in the pol2-16 mutant ( Figure 2C ). This second set of errors has previously been observed to disappear in yeast strains defective in Pol (rev3Δ) (31) (32) (33) (34) (35) , suggesting that these errors may be generated by Pol . We therefore deleted the REV3 gene encoding the catalytic subunit of Pol and then compared the mutation rate and specificity in the double mutant pol2-16 rev3Δ strain to that in the single mutants. Consistent with a role for Pol in spontaneous mutagenesis, and as expected based on previous results (25, (31) (32) (33) (36) (37) (38) (and see discussion below), the rev3Δ strain has an approximately 2-fold lower mutation rate than the wild type yeast (Table 1 and Figure  2B ; P < 0.0001, Supplementary Table S1). Importantly for the present study, this is also the case for the pol2-16 mutant, where the mutation rate dropped from 110 × 10 −7 in pol2-16 to 50 × 10 −7 in the pol2-16 rev3Δ double mutant (Table 1 ; P < 0.0001, Supplementary Data 1) . Moreover, the analysis of mutational specificity reveals that in the pol2-16 rev3Δ double mutant strain, the rates for the second set of mutations (pink in Figure 2C Table 2 . Panels E and F present ratios of mutation rates of specific mutation classes. Pink bars indicate mutation types characteristic for Pol , green bars indicate mutation types characteristic for Pol ␦ (see text). Black bars represent other mutations (not Pol ␦ or -dependent). TBPS are tandem base pair substitutions. and complex mutations ( Figure 2F ; for all three mutation types P ≤ 0.0001, Supplementary Data 1) , while the first set of mutations that includes A•T to G•C, G•C to A•T, G•C to T•A and one nucleotide deletions (in green) is only marginally affected by the rev3Δ, being decreased by 1.2-, 1.8-, 1.5-and 1.4-fold, respectively (for all four mutation types, p is >0.00029, theŠidák cutoff for a familywise error rate of 0.05).
•T to G•C, G•C to A•T and G•C to T•A substitutions and single-base deletion mutations (colored green in
Suppression of pol2-16 rev3Δ mutator effect by mismatch repair
To determine whether the mutator effects in the pol2-16 rev3Δ strain depend on Pol ␦, we performed two types of (40, 41) . Consistent with previous reports (42), the mutation rate in the msh6Δ strain was 40 × 10 −7 (Table  1) , representing a 10-fold increase over the rate in wild type cells (P < 0.0001, Supplementary Data 1). Also consistent with other studies indicating that Pol -dependent mutagenesis is independent of MMR (40,43), the mutation rate was largely unaffected by also deleting REV3 (msh6Δ rev3Δ, 49 × 10 −7 , Table 1 ). However, the mutation rate in the pol2-16 rev3Δ msh6Δ triple mutant strain is 320 × 10 −7 (Table 1) . This large increase in rate when Msh6 is missing is consistent with robust MMR of replication errors created in the pol2-16 rev3Δ mutant (P < 0.0001, Supplementary Data 1).
Evidence that mutations in pol2-16 rev3Δ are generated by Pol ␦ Sequence analysis of Can r yeast colonies from pol2-16 rev3Δ versus pol2-16 rev3Δ msh6Δ strains (Table 2, Figure  3A and Supplementary Table S1) reveals that loss of Msh6-dependent MMR largely increases rates for the three base substitutions that are most commonly created by Pol ␦ (30), namely A Figure 3A ; for all three mutation types P ≤ 0.0001, Supplementary Data 1). These data are consistent with our previous interpretation based on HydEn-seq analysis that Pol ␦ is the primary replicase for both DNA strands in the pol2-16 mutant (22) .
•T to G•C transitions via template T•dGMP mismatches, G•C to A•T transitions via template G•dTMP mismatches, and G•C to T•A transversions via template C•dTMP mismatches (
As a further test of this hypothesis, we compared mutation rates and specificity in strains encoding a mutator allele (14, 30) , as exemplified here by the 7-fold increase in mutation rate of the pol3L612M mutant compared to the wild type strain (Table 1) . In this strain background, the addition of the pol2-16 mutation increases the mutation rate to 670 × 10 −7 (P < 0.0001, Supplementary Data 1) , representing a 160-fold increase over the rate in the wild type strain. Moreover, the CAN1 mutation spectrum (Table 2 and Supplementary Table S1 ) reveals that this strong increase is largely due to increases in the same three base-base mismatches mentioned immediately above (for all three mutation types P < 0.0001, Supplementary Data 1) , plus single-base deletions (P < 0.0001, Supplementary Data 1) that are also characteristic of replication errors generated by L612M Pol ␦ ( Figure 3C and (14,30) ).
To further examine the role of Pol ␦ in replication of both DNA strands in the pol2-16 mutant, we next performed a pairwise comparisons of the CAN1 mutation spectra quantified in Figure 4 and Supplementary Table S1. Both wild type and L612M Pol ␦ have established preferences for T•dGMP over complementary A•dCMP mismatches (30) . Given that CAN1 is replicated by forks originating from ARS507 roughly 98% of the time (15), we can infer the coding strand of CAN1 is usually the template for lagging strand synthesis. If Pol ␦ replicates only one strand ( Figure  4A-left panel) , then we expect a high ratio of T to C versus A to G substitutions at CAN1 ( Figure 4A, left panel) . If Pol ␦ replicates both strands we would expect a ratio closer to 1 (how close depends on details of sequence specificity and whether the Pol ␦ mutation rate would be the same on both strands; Figure 4A , right panel). In the pol3L612M strain, the ratio of T to C versus A to G substitutions is 33.7 (Figure 4B-left panel) . However, the ratio drops to only 2.6 in the pol2-16 pol3L612M double mutant that lacks Pol ε catalytic activities (P = 0.002, Supplementary Data 1). A similar result is seen for G to A versus C to T substitutions in the latter two strains, where the ratio drops from 13.9 to 3.3 ( Figure 4C ; P = 0.02, Supplementary Data 1). In the rev3Δ msh6Δ strain, the ratio of G to A versus C to T substitutions is 7.6 ( Figure 4D-left panel) . However, the ratio drops to only 1.6 in the pol2-16 rev3Δ msh6Δ triple mutant that lacks Pol ε catalytic activities (P ≤ 0.001, Supplementary Data 1). These data are consistent with the interpretation that Pol ␦ is the major replicase for one DNA strand in wild type cells and both strands when the catalytic activities of Pol ε are missing.
In wild type yeast at the CAN1 locus Pol ␦ synthesizes the majority of the lagging strand while Pol ε works predominantly on the leading strand. Replacement of the wild type Pol ␦ with the pol3L612M variant results in a seven-fold increase in mutation rate as compared to wild type yeast (29 × 10 −7 in the po3L612M vs 4 × 10 −7 for wild type; Table  1 ). When we remove the Pol ε catalytic domains in the pol2-16 pol3L612M double mutant, we observe a multiplicative increase in the mutation rates as compared to single mutants (from 29 × 10 −7 for pol3L612M and 110 × 10 −7 for the pol2-16 to 670 × 10 −7 in pol2-16 pol3L612M; Table 1 ). These results suggest that there are additional factors affecting the fidelity of DNA synthesis due to lack of Pol ε's catalytic domains (pol2-16). The effect could reflect the dNTP pool increases observed in the pol2-16 yeast, which is known to be a very important determinant of the fidelity of DNA polymerases (28, (44) (45) (46) (47) (48) .
DISCUSSION
The results presented here are consistent with the following interpretations regarding the fidelity of nuclear DNA replication when the catalytic activities of Pol ε are missing.
As we and others have shown earlier, the lack of Pol ε's catalytic domains causes impaired cell cycle progression and an elongated S-phase, and it significantly enlarges the size of the cell and the nucleus (22, 49, 50) . Here we show that the pol2-16 mutant also has a significantly decreased level of Sml1, a ribonucleotide reductase (RNR) inhibitor, and increased dNTP levels ( Figure 1 ). All of these phenotypes suggest that lack of Pol ε's catalytic domains leads to a replication stress and S-phase checkpoint activation. Such replication stress and accompanying increased dNTPs pool are associated with genome instability and increased spontaneous mutation rates (51) (52) (53) (54) (55) (56) .
Previous studies by Sugino et al. (49) indicated that the pol2-16 mutant has mutation rates that are only slightly greater than wild type, e.g., by only 1.6-fold at the URA3 locus. This contrasts with our results demonstrating that pol2-16 is a much more robust mutator, with a mutation rate at CAN1 that is 27-fold higher than for wild type cells and even higher than that of a MMR defective strain ( Table 1) . The difference between our measurements and those reported earlier is potentially explained by the rapid accumulation of suppressors acquired by the pol2-16 mutant (22) . The nature of the suppression is under investigation. To minimize selection of suppressors that affect growth (22) and may affect mutagenesis, in all experiments we used pol2-16 spore colonies from a freshly dissected heterozygous diploid pol2-16/POL2. The strong increase in mutation rate in the pol2-16 mutant cannot be explained simply by loss of Pol ε proofreading activity, because inactivation of this activity in the pol2-4 mutant leads only to a moderate increase in mutation rate ((4,25,41) and Table 1 ), and does so without increasing dNTP pools (55) . In addition, while Pol ε proofreads its own mismatches, it may not proofread mismatches made by Pol ␣ (57) and possibly Pol ␦ (58).
In agreement with results published earlier (32, 33) , REV3 deletion in otherwise wild type yeast causes an ∼2-fold decrease in the spontaneous mutation rate (Table 1) . A similar decrease is conferred in the pol2-16 mutant upon REV3 deletion. The mutations that disappear (colored pink in Figure 2) are those reported to be generated by Pol , namely complex mutations and transversions. We previously proposed that complex mutations, which contain two or more single base substitutions and indels within about 10 base pairs of each other, are generated by Pol during short stretches of processive DNA synthesis (59) . The substitutions include A•T to C•G, A•T to T•A and G•C to C•G transversions ( Figure 2C and D) . All four classes of mutations are hallmarks of error-prone DNA synthesis by Pol (25, (33) (34) (35) 37, 38, 41, (60) (61) (62) . In particular, the complex mutations and GC to CG transversions have been suggested to occur when replication stalls due to presence of atypical DNA structures, such as hairpins or non-B-form DNA Supplementary Table S1 .
Nucleic Acids Research, 2019, Vol. 47, No. 8 3993 structures (6) . Under normal conditions Pol ε is physically connected to the moving fork via the CMG helicase (63, 64) , but when Pol ε catalytic domains are absent (pol2-16), Pol ␦, which is excluded from the CMG (65), becomes the leading strand replicase. This physical uncoupling of unwinding (2) and leading strand synthesis may allow ssDNA secondary structure formation and thus an increase in mutagenic synthesis by Pol . By extrapolation, this implies that under circumstances when Pol ε is fully active, Pol will contribute less to mutagenic synthesis of genomic DNA.
The synergistic increase in mutation rates in the pol2-16 rev3Δ msh6Δ mutant as compared to those in the pol2-16 rev3Δ and rev3Δ msh6Δ mutants reveals that the errors made in the pol2-16 rev3Δ mutant strain are substrate for MMR, indicating that they are generated during DNA replication. Moreover, the mutational specificity (green bars in Figure 3A) is consistent with mutations made by Pol ␦. These include the two transitions, A•T to G•C and G•C to A•T, the G•C to T•A transversions and also indel mutations, as seen in previous studies (14, 30) and as observed here in the pol2-16 pol3-L612M strain ( Figure 3B ). The high rates at which all these mutations are generated are also consistent with the high dNTP concentrations observed in the pol2-16 background.
The L686M variant of Pol ␦ extends mismatches more efficiently as compared to wild type Pol ␦ and therefore proofreads mismatches less efficiently, despite retaining normal 3 exonuclease activity (30) . In the pol2-16 mutant studied here, dNTP pools are increased, and the same classes of base substitution mutations are observed as those in the pol3L686M mutant ( Figure 3B and C). These facts suggest that the mutator effect in the pol2-16 mutant partly reflects impaired proofreading by Pol ␦ that is caused by the higher concentration of dNTPs. This interpretation is consistent with data in vitro demonstrating that proofreading is suppressed as the concentration of the next correct dNTP is increased (28, 66, 67) .
Analysis of reciprocal mutation classes using polymerase variants have been used to assign DNA polymerases to specific DNA strands (13, 14, 23) and ( Figure 4A) . Here, we analyzed the specificity of mutations in strains with and without Pol ε's catalytic subunit (POL2 and pol2-16, respectively), as well as bearing either the wild type or a mutator variant of Pol ␦ (POL3 and pol3L612M, respectively) . Studies of the pol3L612M mutant in vitro have previously demonstrated that this variant of Pol ␦ incorporates dG opposite T in the template about 28-fold more frequently than it incorporates the complementary dC opposite A in the template (30) . This fact, coupled with the fact that the coding strand of CAN1 is the template for lagging strand synthesis, predicts more T to C mutations than A to G mutations in the pol3L612M yeast, where Pol ␦ predominantly synthesizes the lagging strand (Figure 4) . By analyzing the ratio of T to C versus A to G, we can determine whether Pol ␦ works on one ( Figure 4A , left panel) or both DNA strands ( Figure 4A, right panel) . The ratio of T to C versus A to G mutations was 33.7 in the pol3L612M ( Figure 4B , left panel) and decreased to only 2.6 in the pol2-16 pol3L612M (Figure 4B , right panel), indicating that both strands are synthesized by Pol ␦. Similarly, the ratio of G to A vs C to T was 13.9 in the pol3L612M strain ( Figure 4C , left panel) and decreased to only 3.3 in the pol2-16 pol3L612M ( Figure 4C , right panel). Moreover, whole genome mutation accumulation experiments in yeast strains bearing the pol3L612M variant of Pol ␦ reveal that the rates of A to G vs T to C and of G to A vs C to T mutations are also biased when MMR is active (14) . In the present study, the ratio of G to A vs C to T dropped from 7.6 in the rev3Δ msh6Δ strain to 1.6 ( Figure 4D, left panel) in the pol2-16 rev3Δ msh6Δ triple mutant ( Figure 4D, right panel) . The stronger mutational biases in the strain with Pol ε catalytic activity than in the pol2-16 mutant strain without Pol ε catalytic domains are also consistent with previous HydEn-seq results showing Pol ␦ synthesis of both leading and lagging DNA strands when Pol ε catalytic domains are not present (22) .
Here we present an extreme case wherein Pol ␦ is the major replicase for both the leading strand and the lagging strand across the entire genome due to lack of catalytic domains of Pol ε. This situation is likely to be relevant even in cells with wild type Pol ε. This is because in some circumstances, Pol ␦ has been shown to synthesize both the leading and lagging strands in a more local manner, for example during break-induced replication (68, 69) and during homologous recombination-dependent replication fork restart (70) . Both of these processes are mutagenic.
The catalytic subunit of Pol ε is composed of an amino terminal region possessing its two catalytic activities, and a carboxy-terminal region involved in checkpoint control (71) (72) (73) . Both regions of Pol ε are involved in a network of interactions with other components of the replisome. For example, crosslinking mass spectrometry analysis identified Pol2p interactors that include Cdc45, Psf1, Mcm2, Mcm 5 and Mcm6 (74, 75) . Lack of the N-terminal lobe of Pol2p in the pol2-16 mutant may disturb interactions with other components of the replisome affecting both the replication initiation as well as DNA replication progression, thereby allowing other DNA polymerases to have access to the primer terminus more frequently.
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